Ca++-activated adenosine triphosphatase (Ca++-ATPase) activity in the epithelial cells of guinea pig ciliary body was demonstrated histo-and cytochemically with the use of a newly developed method (Ando et al., 1981) .
In nonpigment ciliary epithelial cells fixed for 60 min in paraformaldehyde, intense reaction was observed on basolateral plasmalemma and mitochondria. In contrast, an intense reaction was localized only on mitochondria and gap junctions but not on the plasmalemma in the pigment epithelial cells. From the controls, this reaction was completely Ca++-and ATP-dependent. The activity in fixed tissue with a mixture of paraformaldehyde and glutaraldehyde still remained moderately on the plasmalemma, but was completely abolished on mitochondria and gap junctions. The activity in the tissue after incubation in the medium with 2 mM or 3 mM Ca++ concentration remained on the plasmalemma but almost disappeared from the mitochondria and gap junctions. Utilization of 1 mM or lower Ca++ concentration failed to show enzyme activity. When tissue was incubated in the medium containing both 5 or 10 mM Ca++ and Mg++, the reaction products on the mitochondria were still intense. However, the activity on the plasmalemma was markedly weakened. When Mg++ were used instead of Ca++, a distinct reaction was also found on mitochondria, but not on the plasmalemma. Our results clearly revealed that Ca++-ATPase activity was localized on the plasmalemma, mitochondria and gap junctions in the ciliary epithelium. It is noteworthy that a much more intense reaction existed on the basolateral plasmalemma which has been suggested to play an important role for aqueous humour secretion facing the posterior chamber in the nonpigment epithelium.
Aqueous humour secretion is one of the most important functions of the ciliary epithelium (5, 8, 9) . Generally, Ca++-ions has been recognized as one of the key ions in regulating cellular secretion in most of the secretory epithelium (7, 18, 34) . In such epithelial cells, Ca++ is thought to function as the intracellular second messenger or to affect cyclic nucleotide controlling enzymes resulting in the modu- lation of cyclic AMP and/or cyclic GMP levels which are also second messengers. It has been well accepted that the cytoplasmic Ca++ concentration is controlled mainly by an active transport of an ATP-dependent Ca++ pump in connection with ion-exchange systems on the plasmalemma, by an energy dependent pump-leak system of mitochondria or the smooth endoplasmic reticulum under particular involvement of Ca++-channels or Ca++-binding proteins (6, 25, 29) . Therefore, the subcellular localization of Ca-dependent ATPase activity appeared to be important in obtaining a better understanding of the aqueous humour secretory mechanism of the ciliary epithelium. There have been some investigations of ATPase histochemistry (30, 31) , however, as yet no cytochemical investigation of the Ca++-ATPase activity has been reported concerning the ciliary epithelium; the main handicap was that no method was available at the electron microscopic level. Different from the previous cytochemical methods for the Ca++-ATPase activity (12-14, 21, 35-37) , this method is a one step method; the buffer used maintains a completely clear medium at an alkaline pH range, optimal for this enzyme activity. By means of this method, several organs have been examined revealing precise localization of the enzyme and its Ca-dependency (1-3, 11, 38-40) . The purpose of our study is to elucidate the "in situ" localization of Ca++-dependent ATPase activity in the guinea pig ciliary body utilizing the method of Ando et al. (1) .
MATERIAL AND METHODS
Untreated adult guinea pigs were perfused from the left ventricle with 2 % paraformaldehyde alone or a mixture of 2 % paraformaldehyde and various concentrations of glutaraldehyde in cold 0.1 M cacodylate buffer, pH 7.4, for 30 min. The removed eye balls were cut into slices less than 2 mm thick containing the ciliary body, and were then immersed in the same fixative for 30 min. After washing in the cacodylate buffer overnight, the slices were sectioned with the use of a Microslicer (Dosaka EM Co. Ltd., Kyoto) or a freezing microtome (Yamato Seiki Co. Ltd., Tokyo) at approximately 15 ,um for light microscopic and 30 ,am for electron microscopic purposes. Sections were incubated in the following reaction medium by Ando et al. (1) for 30 min at 37°C; 250 mM glycine buffer, pH 9.0, 3 mM ATP2Na (Sigma Chem. Co., St. Louis) ; various concentrations of CaC12 from 0.1 mM to 100 mM; 2 mM lead citrate; 2.5 mM levamisole (Sigma Chem. Co., St. Louis) ; as non-specific alkaline phosphatase inhibitors (4). For light microscopic observations, frozen sections of approximately 15 pm thickness were incubated 25 min at 37°C in the above-described medium. After the incubation, the sections were rinsed in distilled water, treated with 1 % ammonium sulfide for 2 min, and mounted on the glass slides with glycerine jelly. For electron microscopy, incubated sections were rinsed in 0.1 M cacodylate buffer, pH 7.4, with 0.25 M sucrose, and postfixed with 1 % 0504 in 0.1 M cacodylate buffer, pH 7.4, for 60 min. Serial dehydration in graded alcohols was followed by embedding in Spurr's medium (33) . Ultrathin sections were prepared with an LKB ultrotome, unstained or stained with only uranyl acetate, and observed under a JEM-100CX electron microscope.
As cytochemical controls, sections were incubated in a substrate (ATP) free medium; a medium including 10 mM p-chloromercuribenzoate (Sigma Chem. Co., St. Louis), a medium including both 5 or 10 mM CaC12 and MgCl2; a medium substituting 10 mM MgC12 for 10 mM CaC12, and the media in which various substrates were substituted; glucose-6-phosphate (G6P; Sigma Chem. Co., St. Louis), adenosine diphosphate (ADP; Sigma Chem. Co., St. Louis), p-nitrophenylphosphate (NPP; Sigma Chem. Co., St. Louis), or beta-glycerophosphate (GP; Merk, New Jersey) for ATP. In addition, sections preheated at 60°C for 3 min or pretreated with 10 mM EDTA or EGTA solution for 30 min at 0-4°C were incubated in a standard. incubation medium.
RESULTS
Light microscopy: When frozen sections of paraformaldehyde-fixed material of the guinea pig ciliary body were incubated in the standard Ca++-ATPase medium, a moderate reaction was observed in the epithelial layers. An intense reaction was also seen in the ciliary vessels ( Guinea pig ciliary body. Light microscopic localization of Ca++-ATPase activity and control reaction. Frozen sections incubated for 30 min. a. Ca++-ATPase activity in the ciliary epithelium. Moderate reaction was observed in the epithelial layers (arrow) and intense reaction was also seen in the ciliary vessels (* ). x 220 h. The intense reaction in the whole ciliary body was completely abolished when Ca++ was deleted from the incubation medium. x220 c. The reaction in the ciliary epithelium (arrow) was partly reduced with 10 mM PCMB. /220 d. Effect of substitution of Mg++ for Ca++. Weak reaction was found in the epithelial layers (arrow). X220
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( Fig. 1 c) to the standard medium slightly reduced the reaction. When the sections were preheated at 60°C before the incubation, the reaction was also completely inhibited. Substitution of Mg++ for Ca++ (Fig. l d) or addition of both MgCl2 and CaC12 to the medium resulted in a moderate decrease of the reaction only in the epithelial layers. When various phosphates were substituted for ATP, no significant reaction was observed in the epithelial layer. Electron microscopy : Since the fixation with any concentration of glutaraldehyde drastically diminished the Ca++-ATPase activity at the electron-microscopic level, the ultracytochemical observations were carried out on tissue fixed by perfusion with paraformaldehyde alone despite the poor structural preservation. The marked cytochemical reaction products were observed on basolateral plasmalemma of the nonpigmented epithelial cells and the mitochondria of both epithelium. The reaction products on the apical side of the plasmalemma were apparently weeker than those on the basolateral side of the nonpigmented epithelial cells. There were no remarkable reaction deposits on the basolateral plasmalemma of the pigment epithelial cells (Fig. 2a) . Reaction products were seen at mitochondria and gap junctions (Fig. 2b) . The cristae of mitochondria were not stained and the reaction precipitates seemed to exist mainly in the matrix (Fig. 2c) . In gap junctions reaction deposits seemed to be localized at the cytoplasmic side of membranes (Fig. 2d) .
FIGS. 2a-d. Guinea pig ciliary epithelium incubated in the presence of 10 mM CaC12 for 30 min at 37°C. a. Intense Ca++-ATPase activity was localized on the basolateral plasmalemma of the nonpigmented epithelial cell (NPE), but not on the plasmalemma of the pigmented epithelial cell (PE). Activity was also seen in mitochondria of both epithelial cells, x 5,300 b. Reaction products were also found on the gap junctions (arrows) and mitochondria. x 22,000 c. High magnification of mitochondria.
The reaction precipitates existed mainly in the matrix x53,000 d. High magnification of gap junctions. Reaction products were found on the cytoplasmic side of gap junctions.
x 55,000 FIGS. 3a-f. Effect of changes in Ca++ or Mg++ concentrations on cytochemical reaction. NPE; nonpigment epithelium, PE; pigment epithelium. a. At 0.1 mM Ca.
No remarkable reaction was found. x 7,800 b. At 1.0 mM Ca.
No remarkable reaction was observed. x 4,800 c. At 2.0 mM Ca.
Moderate reaction was found on the basolateral plasmalemma of the nonpigment epithelial cells. x 6,600 d. At 3.0 mM Ca.
Intense reaction was found on the basolateral plasmalemma of the nonpigment epithelial cells. Faint reaction was also found on the mitochondria.
x 12,000 e. At 10.0 mM Mg.
Reaction product was found only on the mitochondria, x 9,200 f. At 10.0 mM Ca++ and 10.0 mM Mg.
Reaction was found on the plasmalemma of the nonpigment epithelium.
x 4,300 FIGS. 4a-d. Control experiments. NPE; nonpigment epithelium, PE; pigment epithelium.
a. The reaction in the ciliary epithelium was completely abolished when Ca++ was eliminated from the incubation medium. x 6,500 b. The reaction was completely abolished when ATP was omitted from the incubation medium. x 12,500 c. Pretreatment in 10 mM EDTA solution for 30 min at 0-4°C before incubation in standard incubation medium.
x 6,500 d. Tissue fixed in the mixture of 2% paraformaldehyde and 0.25% glutaraldehyde. Reaction product on the mitochondria and the gap junctions was completely abolished.
x 7,300
Alteration of Ca++ concentration revealed interesting results. When tissue was incubated in a medium containing 0.1 mM (Fig. 3a) or 1 mM (Fig. 3b) Ca++ concentration, no remarkable reaction was found over the epithelial layers. When 2 mM Ca++ concentration was utilized, reaction deposits were seen only on the basolateral plasmalemma of the nonpigment epithelial cells (Fig. 3c) . However, when 3 mM Ca++ concentration was used, strong reaction precipitates were observed on the plasmalemma together with faint reaction products on the mitochondria (Fig. 3d) . Utilization of over 4 mM Ca++ concentration did not reveal any different localization of the reaction products. Among the several Ca++ concentration examined, 10 mM concentration showed the most intense reaction deposits of the Ca++-ATPase. Addition of over 20 or 30 mM Ca++ concentration to the medium presented the opacities or precipitates in the cytochemical solution.
When Mg++ were substituted for Ca++, reaction products were observed on mitochondria but very weak on the plasmalemma (Fig. 3e) . The existence of both Ca++ and Mg++ in the incubation medium resulted in a positive reaction for ATPase activity; an intense reaction precipitate was found on the mitochondria, but only faint reaction on the plasmalemma (Fig. 3f) .
Controls incubated in a Ca++-free medium (Fig. 4a) or the substrate (ATP) (Fig. 4b) or after preheating of the tissue failed to show enzyme activity. Preincubation with 10 mM EDTA or EGTA before the standard incubation (Fig. 4c) did not alter the intense plasmalemmal and mitochondrial reaction. In comparison, when the tissue was fixed in the mixture of 2 % paraformaldehyde and 0.25% glutaraldehyde, the reaction deposits remained on the plasmalemma of the nonpigment epithelium, but were completely abolished on the mitochondria and the gap junctions (Fig. 4d) .
DISCUSSION
From our cytochemical findings, it is obvious that Ca++-ATPase is localized in various subcellular components of the ciliary epithelium; 1) plasmalemma., 2) mitochondria, and 3) gap junctions.
Ca++-ATPase activity investigated in various organs has been classified into two different types; 1) ATPase activated by Ca++ in the presence of Mg++ (14), and 2) ATPase activated only by Ca++ and inhibited in the presence of Mg++ (15, 27, 39) . Our results show that the plasmalemma-bound Ca++_ ATPase activity of the nonpigment epithelium resembles the ATPase of the latter type, since this enzyme was activated by Ca++ in the absence of Mg++, but its activity was reduced in the presence of Mg++ with or without Ca++.
It is well known that the plasmalemma-bound Ca++-ATPase is an intrinsic protein acting as a Ca++ pump for active Ca++ transport.
Ca++ is extruded from the cell to the extracellular space actively by means of this energydependent Ca++-ATPase pump.
The aqueous humour is most probably secreted continuously by the cells of the ciliary epithelium. The nonpigmented epithelia of the ciliary process possess morphological indicators of a secretory activity; many infoldings and mitochondria, thin stromal tissue and richly fenestrated capillaries. In our study, the Ca++_ ATPase activity on the plasmalemma was mainly found only in the nonpigmented epithelia, but not in the pigment epithelia. This clear-cut regional difference seems to show that Ca++-ATPase is one of the major contributions for the aqueous humour formation.
It has been revealed that some compositions of the aqueous humour differed distinctly from that of the blood plasma. Therefore, it has been well accepted that the aqueous humour is not a simple filtrate of the blood plasma but that it is modified through the double ciliary epithelial layers (16) . Since some authors presented evidence that Ca++ concentration in the aqueous humour was equal or a little bit less than that in the blood plasma (16) , it cannot be considered that the basolateral plasmalemmal localization of the Ca++-ATPase in the nonpigment epithelium plays a simple role of active Ca++ secretion to the aqueous humour. There might exist another Ca++ maintainer in the ciliary epithelium and it may adjust the Ca++ concentration of the aqueous humour under cooperation with this active Ca++-ATPase pump on the basolateral plasmalemma. Or this Ca++-ATPase activity may mainly be linked with the intraepithelial Ca-ion concentration, because Ca++ has been considered as one of the main second messenger in the secretory epithelium (25) , together with cyclic nucleotide. Cytochemically, adenylate cyclase, cAMP producing enzyme, activity was found on the basolateral plasmalemma of the nonpigment epithelium (20) . These results are particularly interesting when we consider the relationship between carbonic anhydrase activity, one of the main factors for aqueous humour secretion, and the role of these second messengers. Further investigation is necessary to elucidate this important problem.
Apart from above mentioned problem, the difference in activity between nonpigment and pigment epithelium is also interesting from the anatomical and embryological points of view. Nonpigment epithelium is an extension of the sensory retina, and pigment epithelium is an extension of the retinal pigment epithelium. In the early developmental stage, between these two epithelia there exists some space, but in a developed eye the apical membrane of the each epithelium interfaces with each other. The different localization of plasmalemmal Ca++-ATPase between both epithelial layers may reflect that these epithelia were completely different not only in functional role but also in anatomical development.
Mitochondria have been shown to take up Ca++-ions into their matrix by an energy-dependent process and to concentrate the Ca++ internally.
On the other hand, a Ca++ flow out of the mitochondria was thought to depend on a passive-leak mechanism (24) . The physiological role of this Ca++ accumulation in mitochondria is not well understood. However, the following functions have been suggested; 1) maintenance of the cytosolic Ca++ concentration at a low level, 2) linkage to a transcellular process of Ca++ transport, 3) role as a subsidiary system regulating Ca++ exchange in contractile and secretory cells (24) . The Ca++-ATPase activity of mitochondria may reflect this energy-dependent Ca++ uptake process.
By cytochemical means, the mitochondrial localization of Ca++-ATPase activity has been also reported to hold true for other tissues, e.g., heart muscle (1, 11), gastroliths (19) , retinal photoreceptors (38, 40) , and paraphyseal epithelium (39) , that is, tissues which were thought to transport Ca++ actively. Hence, in the ciliary epithelium, the role of mitochondria for Ca++ regulator could not be ignored and both the plasmalemma-bound Ca++-ATPase and the mitochondrial ATPase may contribute significantly to the transport of Ca++ as mentioned before.
The mitochondrial Ca++-ATPase is extremely sensitive to glutaraldehyde fixation, and requires rather higher concentrations of Ca++ in the incubation medium for its activation. Also, different from the plasmalemmal activity which was activated by Ca++ in the absence of Mg++, the mitochondrial ATPase was activated by Mg++ independently whether Ca++ were present or not. Hence, the plasmalemma-bound Ca++-ATPase and the mitochondrial Ca++-ATPase seem to be somewhat different types. In all tissues investigated cytochemically the optimal concentration of Ca++ in the incubation medium for stimulation of mitochondrial ATPase was 10 mM. In contrast, the optimal concentration of Mg++ for the activation of mitochondrial ATPase varied among the following tissues : 0.1 mM in heart muscle (11) and fish gastroliths (19) but 10 mM in the inner segments of retinal photoreceptors (40) . No activation occurs in the mitochondria of the paraphyseal epithelium of the frog (39) . In our study, the mitochondrial ATPase in ciliary epithelium was activated by 10 mM Mg++. It has been discussed that the cationic ATPase pump of the mitochondria in different organs and species may possess different specificities for divalent cations.
The extraordinary high number of gap junctions represents the most distinctive morphological feature of the ciliary epithelium (26) . Since gap junctions mediate electrical and metabolic coupling between cells, their ubiquitous presence in the ciliary epithelium ensures that all epithelial cells are joined in the metabolic syncytium. Ca++ is known to affect reversibility of gap junctions by causing intramembrane particles to clump into crystals. This structural changes of gap junctional particles may narrow intercellular channels and thus modulate the permeability of the junctions (22, 23) . On the other hand, it has also been reported that the maintenance of junctional communication between cells depends on the energy that is provided by oxidative phosphorylation of ATP (10) . In the light of these facts, the presence of the Ca++-ATPase activity in the area of gap junctions may indicate a similar functional capacity. The existence of the Ca++-ATPase activity in gap junctions has been shown in the heart muscle (11) and paraphyseal epithelium (11, 39) .
